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^ : ABSTRACT 

Primordial or Big Bang nucleosynthesis (BBN) is one of the three strong evidences for the Big- 
Bang model together with the expansion of the Universe and the Cosmic Microwave Background 
^ I radiation. In this study, we improve the standard BBN calculations taking into account new 

I ■ nuclear physics analyses and we enlarge the nuclear network until Sodium. This is, in particular, 

important to evaluate the primitive value of CNO mass fraction that could affect Population III 
stellar evolution. For the first time we list the complete network of more than 400 reactions with 

I ^ references to the origin of the rates, including ss270 reaction rates calculated using the TALYS 

^— N i code. Together with the cosmological light elements, we calculate the primordial Beryllium, 

Boron, Carbon, Nitrogen and Oxygen nuclei. We performed a sensitivity study to identify the 
important reactions for CNO, ^Be and Boron nucleosynthesis. We reevaluated those important 
reaction rates using experimental data and/or theoretical evaluations. The results are compared 
with precedent calculations: a primordial Beryllium abundance increase by a factor of 4 compared 

/\( ' to its previous evaluation, but we note a stability for B/H and for the CNO/H abundance ratio 

S . that remains close to its previous value of 0.7 x 10^^^. On the other hand, the extension of the 

nuclear network has not changed the ''Li value, so its abundance is still 3~4 times greater than 
its observed spectroscopic value. 

Subject headings: primordial nucleosynthesis, nuclear reactions, abundances, cosmological parameters, 
early universe 

July 7, 2011 cleosynthesis (BBN). The third evidence for a hot 

Big-Bang comes from the primordial abundances 
1. Introduction of the "light elements": "^He, D, '^He and ^Li. 

They are produced during the first «20 min of 
There are presently three observational evi- ^^^ Universe when it was dense and hot enough 

deuces for the Big-Bang Model: the universal ^^ nuclear reactions to take place. 



expansion, the Cosmic Microwave Background 
(CMB) radiation and Primordial or Big-Bang Nu 



The number of free parameters entering in 



Standard BBN has decreased with time. The num- 
ber of Hght neutrino famihes is known from the 
measurement of the Z'^ width by LEP experimen ts 
atCERN: N^ = 2.9840±0.0082 (|LEP_collaborations 
20061 ). The hfetime of the neutron entering in 
weak reaction rate calculations and many nu- 
clear reaction rates have been measured in nu- 
clear physics laboratories. The last parameter to 
have been independently determined is the bary- 
onic density of the Universe which is now deduced 
from the observations of the anisotropics of the 
CMB radiation coming from the WMAP satel- 
lite. The number of baryons per photon which 
remains constant during the expansion, rj, is di- 
rectly related to n^ by f7b-ft.^=3.65xlO^?7 . The 
WMAP7 gives now : »b-fe^ =0.02249±0.00056 an d 
77 = 6.16 ± 0.15 xlQ-io (iKomatsuet al.ll201ll) . 
In this context, primordial nucleosynthesis is a 
parameter free theory and is the earliest probe 
of the Universe. We note an overall agreement 
except for the ^Li. In the literature many stud- 
ies have beeri devoted to this lithium problem 
(Aneulo et al.ll20Q5l: ICoc et al.ll2007tlCvburt et al' 



ICha 



stroyed in stars so that the evolution of its abun- 
dance as a function is subject to large uncertain- 
ties and has only been observed in our Galaxy 
(JBaniaet al.ll2002[) . 

^He /H = 1.1 ±0.2 X 10-^ 
Consequently, the baryometric status of '^He is not 
firmly established (jVangioni-Flam et al.l 120031 ). 

Primordial lithium abundance is deduced from 
observations of low metallicity stars in the halo of 
our Galaxy where the lithium abundance is almost 
independent of metallicity, displaying a plateau , 
the so-called Spite plateau (jSpite fc Spite Ill982l ). 
This interpretation assumes that lithium has not 
been depleted at the surface of these stars, so that 
the presently observed abundance is supposed to 
be equal to the initial one. The small scatter of 
values around the Spite plateau is an indication 
that depletion may not have been very effective. 

Astrono mical observation s of these metal poor 
halo stars ( Rvan et al.ll2000l ) have led to a relative 
primordial abundance of: 

Li/H = (1.23t°;?^) X lO'io 



akrabortv et al.l I2OIII and references A more recent analysis by ISbordone et al.l |2010[ ) 



12008 

therein) 

Deuterium, a very fragile isotope, is destroyed 
after BBN. Its most primitive abundance is de- 
termined from the observation of clouds at high 
redshift, on the line of sight of distant quasars. 
Very few obse rvations of these cosm ological clouds 
are available ([Pettini et al. II2OO8I and references 
therein) and the adopted primordial D abundance 
is given by the average value: 

D/H = (2.82l°;^°) x 10"^. 

After BBN, *He is still produced by stars. Its 
primitive abundance is deduced from observations 
in HII (ionized hydrogen) regions of compact blue 
galaxies. Galaxies are thought to be formed by 
the agglomeration of such dwarf galaxies which 
are hence considered as more primitive. The pri- 
mordial ^He abundance Yp (mass fraction) is given 
by the extrapolation to zero metalli city but is 
affected by systematic unc ertainties (JAver et al. 



gives: 



Li/H = (1.58 ±0.31) X 10 



-10 



More generally, ISpite fc Spite I (|2010l ) have re- 



viewed the last Li observations a nd their different 
astrop hysical aspects. See also iFrebel fc Norris 
(J2OIII ) for a wide review. 



In 2006, high-resolution observations of Li ab- 
sorption lines in some very old halo stars have also 
claimed evidence for a large primi tive abundance 



of th e weakly-bound isotope ^Li |Asplund et al 
20061 ). The ^Li/'^Li ratios of - 5 x 10"^ werf 



found to be about three orders of magnitude larger 
than the BBN-calculated value of ^Li/'^Li- 10"^. 
The key BBN ^Li production mechanism is 
the D(a,7)^Li reaction at energies in the range 



of 50 keV < Ecm < 400 keV (|Serpico et al 
20041 ). This r eaction has very rece ntly been 



I2OIOI : llzotov fc Thuanll2010l ) such as plasma tem- 
perature or stellar absorption. These most recent 
determinations based on almost the same set of 
observations lead to: 

yp = 0.2561 ±0.0108. 

Contrary to ''He , '^He is both produced and de- 



re-investigated ( Hammache et al.l I2OIOI ) confirm- 
ing the previous result that Standard Big-Bang 
Nucleosynthesis cannot produce ^Li at the re- 
quired level. Concerning the ^ Li observatio n al sta- 
tus, more recently , howe ver, ICavrel et al.l ([20071) 
and Isteffen et al.l (|2010| ) have pointed out that 
line asymmetries similar to those created by a 
^Li blend could also be produced by convective 
Doppler shifts in stellar atmospheres. In this con- 



text, these observations have to be confirmed. 
More detailed analyses are necessary to firmly 
conclude about the detection of the ®Li abun- 
dance at this level i n these metal poor stars (see 
Spite fc Spite IbOlOl for a review). 

We consider in detail in this present study the 
other isotopes potentially produced by the Stan- 
dard Big-Bang Nucleosynthesis including ^Be, 
I'^B, "B and the CNO isotopes. The produc- 
tion of ^Be, ^°B and "B (BeB) and CNO isotopes 
have been studied in the cont ext of s tandard and 
inhomogenequs BBN (Thomas et all IT993. 1993 



Recently, the LiBeB production has been con- 



Kaiino et alll99d: iKaiino fc Bovd I ll990l: iKaiino 



19951 : llocco et al.ll2007l . l2009h . The most relevant 
analysis co n cernin g CNO in BBN comes from 
locco et al.l (|2007l ) who included more than 100 
nuclear reactions and predicted a CNO/H abun- 
dance ratio of approximately 6 x 10~^^, with an 
upper limit of 10^^". These evaluations had been 
also performed to provide the initial conditions for 
the evolution of population III stars. 

BeB nucleosynthesis is an important chapter of 
nuclear astrophysics. Specifically, rare and frag- 
ile nuclei, they are not generated in the normal 
course of stellar nucleosynthesis and are, in fact, 
destroyed in stellar interiors. This characteristic 

is reflected by the low abundance observations of 
I — : II -| I ■ 

these light species (jPrimas Il2010t IBoesgaard et al 



2010l and references therein). A glance to the 
abundance curve suffices to capture the essence 
of the problem: a gap separates He and C. At the 
bottom of this precipice rests the trio Li-Be-B. At 
very low metallicity, the BeB abundance is less 
than 10"^^ relatively to hydrogen. Indeed, they 
are characterized by the simplicity of their nuclear 
structure (6 to 11 nucleons) and their scarcity in 
the Solar System and in stars. In fact, they are 
fragile because a selection principle at the nuclear 
level has operated in nature. Due to the fact that 
nuclei with mass 5 and 8 are unstable, BBN has 
almost stopped at A = 7, while nuclear burning 
in stars bypasses them through the triple-alpha 
reaction. 

After BBN, the formation agents of LiBeB are 
Cosmic Rays interacting with interstellar or cir- 
cumstellar CNO. Other possible origins have been 
also identified, for example supernova neutrino 
spallation (for ''Li and ^^B ). In contrast, ^Li, ^Be 
and ^"B are pur e cosmic-ray spallative prod ucts. 
(For a review see IVangioni-Flam et al.l ( 20001 ).) 



sidcrcd in a cosmological context (jRollinde et al 
2006, 2008). The non-thermal evolution with red- 
shift of ^Li, Be, and B in the first structures of the 
Universe has been studied. In this context cos- 
mic rays are impinging alpha particles and CNO 
produced by the first massive stars, the so-called 
Population III stars. The computation has been 
performed in the framework of hierarchical struc- 
ture formation and reliable ^Li and BeB initial 
abundances coming from BBN are required to op- 
timize the initial conditions. 

Even though the direct detection of primor- 
dial CNO isotopes seems highly unlikely with the 
present observational techniques at high redshift, 
it is also important to better estimate their Stan- 
dard Big-Bang Nucleosynthesis production. Hy- 
drogen burning in the first generation of stars (Pop 
III stars) proceeds through the slow pp chains un- 
til enough carbon is produced (through the triple- 
alpha reaction) to activate the CNO cycle. The 
minimum value of the initial CNO mass fraction 
that would affect P op HI stella r evolution is esti- 
mated to be 10~^° ( Cassisi fc Castellani 19931 ) or 
even as low as 10~^^ in mass fract ion for the less 
massive ones (^Ekstro m et al.ll2008[) . This is only 
two orders of magnitude above the Standard Big- 
Bang Nucleosynthesis CNO yield using the current 
nuclear reaction rate evaluations of locco et al 



(l2007l) . 



In addition, it has been shown that Pop HI stars 
evolution is sensitive to the triple-alpha ^^C pro- 
ducing reaction and can be used to constrain the 
possible variation of the fundamental constants 
( Ekstrom et al.l 120101 ). This reaction is sensitive 



to the position of the Hoyle state, which in turn 
is sensitive to the values of the fundamental con- 
stants. The amount of produced CNO (^^C) could 
affect the HR diagram (CNO versus pp H-burning) 
and the final production of ^^C and ^^O in Pop 
III stars. Hence, it is important to quantify the 
amount of primordial CNO present at their birth. 
In the same context of the variations of the fun- 
damental constants, ^Be (which decays to two al- 
pha particles within ^ 10^^^ s) could become sta- 
ble if these constants were only slightly different. 
At BBN time, this would possibly allow to bridge 
the "A=8 gap" and produce excess CNO. To de- 
termine how significant would be this excess, one 
needs to know the standard BBN production of 



the CNO elements. 

Another motivation for this study is the above 
mentioned dichotomy concerning the Li abun- 
dance. At WMAP baryonic density, ^Li is pro- 
duced as ^Be that later decays. Nuclear ways to 
destroy this ^Be have been explored. An increased 
^Be(d,p)2a cros s section has been proposed by 



Coc et al.l (|2004l ) but was not confirmed by ex- 



periment described in lAngulo et al.l (120051) unless 



a new resonance is present ()Cvburt fc Pospelov 



|2009j with very peculiar properties. Other ^Be 
de struction channels have re cently been proposed 
bv lChakrabortv et al.l ( 20111 ) awaiting experimen- 
tal investigation. Another scenario would be to 
take advantage of an increased late time neutron 
abundance. This is exactly what happens (in the 
context of varying constants) when the ^H(n,7)^H 
rate is decreased. The neutron late time abun- 
dance is increased (with no effect on ^He) so that 
m ore ^Be is d estroyed by ^Be(n,p)^Li(p,ck)a. (see 



Coc et al.ll2007 . Fig. 1) 



The main difficulty in BBN calculations up to 
CNO is the extensive network needed, including n- 
, p-, a-, but also d-, t- and "^He-induced reactions. 
Most of the corresponding cross sections cannot be 
extracted from experimental data only. This is es- 
pecially true for radioactive tritium-induced reac- 
tions, or for those involving radioactive targets like 
e.g. ^"Be. For some reactions, experimental data, 
including spectroscopic data of the compound nu- 
clei, are just inexistent. Hence, for many reactions, 
one has to rely on theory t o estimate the reac- 
tion rates. Previous studies ( Thomas et al.lll993 , 



1994 llocco et al.l 120071 ) have performed unpub- 



lished analyses of experimental data but have also 
apparently extensively use d the prescription o f 



Fowler fc Hovle I (|1964[ ) and lWagoner et al.l dlMlD 



to estimate many rates. These prescriptions often 
assume a constant astrophysical ^-factor. This ob- 
viously cannot be a good approximation for most 
of the reactions considered in the BBN context. 
In this study we use at first more reliable rate 
estimates provided by the TALYS reaction code 
( Gorielv et al.l 120081 ). next we perform a sensitiv- 
ity study and, finally improve the rate estimates 
of the most important reactions by dedicated eval- 
uations. 

A detailed analysis of all reaction rates and as- 
sociated uncertainties would be desirable but is 
unpractical for a network of «400 reactions. So, 



in Section 2 we present the extended network and 
the standard thermonuclear reaction rates used. 
In Section 3, we study the sensitivity of the calcu- 
lated primordial abundances up to CNO to varia- 
tion of the rates by a factor of up to 1000 and re- 
evaluate selected reaction rates. In Section 4, we 
present the BBN calculation results and we con- 
clude in section 5. Note that in the annex we give 
the full list of reactions with the references at the 
origin of the reaction rates. 

2. Nuclear cross section network 

In this study, we have included 59 nuclides 
from neutron to ^^Na, linked by 391 reactions 
involving n, p, d, t and "^He induced reac- 
tions and 33 /3-decay proc esses. Reac tion rates 



were taken primarily from lAngulo et al. 
Descouvemo nt et al.l (2004); llliadis et al. 



1999); 



20101) : 



Xu et al. (20101 ) and other evaluations when avail- 
able. The complete list of reactions with asso- 
ciated references to the origin of the rates can 
be found in Table ID Except for a few (histor- 
ical) cases, the "direct reactions", listed in Ta- 
ble SI are chosen to have positive Q- value. In our 
code, each of these reactions is systematically sup- 
plemented by the reverse reaction calculated ac- 
cording to th e usual detaile d balance prescriptio n 
([Caughlan fc Fowler I ITgSSt lAngulo et all 1 19991) . 
In comparison with previous works, the present 
study includes two specific features, namely the 
introduction of the new evaluation of experimen- 
tal reaction rates (NACRE 2) for target nuclei 
with A < 16 and the extensive library of rates 
for experimentally unknown reactions, including 
all possible light particle captures. The latter 
library is based on the Hauser-Fes hbach calcula- 



tion w ith the TALYS reaction code (jGorielv et al. 
20081 ) and though, a priori, the reaction model 
is not well suited for the description of the reac- 
tion mechanism on such light species, it appears 
to provide rather fair rates that can be used as 
a first guess for a sensitivity analysis, as detailed 
and discussed below. 

2.1. NACRE 2 

In the present paper, use is made of the updated 
NACRE 2 reaction rate evaluation. This new eval- 
uation includes new rates for 15 charged-particle 
transfer reactions and for 19 capture reactions on 



stable targets with mass number A< 16. Com- 
pared to NACRE (JAnguloet alJll999l) . NACRE 
2 features in particular (i) the addition to the col- 
lected NACRE experimental data of all the post- 
NACRE ones published in refereed journals till 
2010; (ii) the extrapolation of astrophysical S- 
factors to very low energies based on theoretical 
models, namely the distorted wave Born approx- 
imation (DWBA) for transfer reaction s and the 



poten tial model for radiative captures (|Xu et al 
I2011I ). These models are simple albeit trustwor- 
thy for the considered reactions most likely domi- 
nated by a direct (rather than a compound) con- 
tribution. The experimental data available (usu- 
ally well above the energy region of astrophysical 
interest) are fitted by spline interpolations. If nar- 
row resonances happen to contribute, they are ap- 
proximated by the single-level Breit-Wigner for- 
mula with varying particle widths. The Hauser- 
Feshbach statistical model is used to extrapolate 
the rates to very high temperatures (i.e. higher 
relevant astrophysical energies). In this case, 
the calculations are made with the TALYS code 
(JGorielv et al.ll2n08h . 

For each individual reaction, recommended as 
well as upper and lower limits of the reaction rates 
are given. Uncertainties in the reaction rates are 
obtained by modiiying the optimal model param- 
eters and still allowing for acceptable fits to the 
experime ntal react i on da ta. All details can be 
found in IXu et al.l (J201ir) . The improved theo- 
retical treatment compared to NACRE makes the 
rates, as well as their respective uncertainty esti- 
mates, more reliable, especially at low tempera- 
tures. 



2.2. The TALYS code 

The neutron, proton, deuterium, tritium, ^He 
and a-particle capture cross sections are, in a first 
approximation, est imated with the TALYS nu- 
clear reaction code (JKoning et al.l2008tlGorielv et al 
20081 ) when not available experimentally or in any 
other existing compilation of reaction rates. For 
targets and energies of interest in the present work, 
TALYS essentially takes the compound mecha- 
nisms into account to estimate the total reaction 
probability, as well as the competition between 
the various open channels. The cross sections are 
estimated up to the relevant energies and out of 
it the Maxwellian-averaged reaction rates for the 



thermalized target. The calculation includes in 
the entrance as well as exit channels all single 
particles of interest here (neutron, proton, deu- 
terium, tritium, ^He and a- particle). In the exit 
channel, multi-particle emission is also taken into 
account. All the experimental information on nu- 
clear masses, deformation, and low-lying states 
spectra (including 7-ray intensities) is considered, 
whenever available. If not, global nuclear level for- 
mulas, 7-ray strength functions, and nucleon and 
a-particle optical model potentials are considered 
to determine the excitation level scheme and the 
photon and particle transmission coefficients. 

Based on the statistical model of Hauser- 
Feshbach, TALYS is known to be a well-adapted 
code for medium-mass and heavy target nuclei. 
Such a model makes the fundamental assumption 
that the capture process takes place with the in- 
termediary formation of a compound nucleus in 
thermodynamic equilibrium. The energy of the 
incident particle is then shared more or less uni- 
formly by all the nucleons before releasing the 
energy by particle emission or 7-de-excitation. 
The formation of a compound nucleus is usually 
justified by assuming that the level density in 
the compound nucleus at the projectile incident 
energy is large enough to ensure an average sta- 
tistical continuum superposition of available res- 
onances. However, when the number of available 
states in the compound system is relatively small, 
as for light targets, the validity of the Hauser- 
Feshbach predictions has to be questioned. In this 
case, other approaches, such a the radiative direct 
capture within the potential model, need to be 
considered. 

In the present work, the TALYS estimates are 
considered as a first guess for the reaction rates on 
light nuclei in order to test the sensitivity of the 
abundance calculations with respect to changes in 
the nuclear reaction rates. As shown in Figs. [T]|8l 
the agreement between TALYS and experimental 
rates are surprisingly good in most of the cases, 
although most of these reactions should not be 
physically described by the compound nucleus re- 
action mechanism. In some of these cases, e.g. 
^Be(p,a)^Li, a few resonances are available in the 
compound nucleus and the predictions are rather 
satisfactory. In other cases, ^Li(p,7)^Be, no reso- 
nances is available and the model fails by about 3 
orders of magnitude. 



In contrast, large deviations can be found 
between TALYS rates an d those estimated by 
iThomas et aD (|l993l Il994[ ). as shown in Figs. M 
im Even the temperatu re dependence appear s to 



be quite differenlQ. In I Thomas et all (|l994 . 



several cases, the same rate is used for the (p,n), 
(p,a) and (p,7) reaction channels on a given tar- 
get: an obvious source of errors that can affect the 
predictions by a few orders of magnitude. 

As summarized by the 36 cases studied in 
Figs, [m TALYS can globally be expected to 
provide predictions within 3 orders of magnitude 
in the temperature range of interest here. Hence 
variations of these theoretical rates by three or- 
ders of magnitude can in a first step be used in our 
sensitivity analysis for the BBN abundance calcu- 
lation. A detailed description and study will then 
be limited to the reactions affecting the abundance 
predictions in a significant way. 
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Fig. 2. — Same as Fig. [T] 
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Fig. 1. — C omparison between TALYS and 
NACRE rates (|Angulo et al.lll999l ). 




^For the ^ Li(d,n)^'^Be reaction, this is most probably due to 
a typo in iThomas et al.l 1119931) as possibly corrected in the 
dashed curve in Fig. |9] 



Fig. 3. — Same as Fig. [T] 
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Fig. 4. — Same as Fig. [T] 



Fig. 6. — Same as Fig. [S] 
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Fig. 5. — Comp arison between TALYS and 
Ilia.dis et all (I201C 
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Fig. 7. — Same as Fig. [5] 
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Fig. 8. — Same as Fig. [5] 



Fig. 10.— Same as Fig. m 
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Fig. 9. — C omparison between TALYS and 
Thomas et all (fl993. 1994 ) 
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Fig. 12. — (Color online) Standard Big-Bang Nu- 
cleosynthesis production of H, He, Li, Be and B 
isotopes as a function of time, for the baryon den- 
sity taken from WMAP7. 



Fig. 13. — (Color online) Standard Big-Bang Nu- 
cleosynthesis production of C, N and O isotopes as 
a function of time. (Note the different time and 
abundance ranges compared to Fig. [T2] ) 



3. Important reactions for Standard Big- 
Bang Nucleosynthesis up to CNO 

3.1. Sensitivity study 

Sensitivity studies have already been performed 
for the 12 m ain Standard Big-Bang Nucleosynthe- 
sis re a ctions ( Nollett & Buries 200Cr; Scrpico et a^ 



eluded because a ll lifetimes are precisely known 
(JAudi et al.l 120031 ). The sensitivity study is per- 



2004; ICvburt fc Davids 2008; Coc & Vangioni. 
20101 ) and the many oth ers involved in ^ He, D, 
^He and '^Li production (" Coc et all 12004 ). Here, 
we will consider the impact on ^Be, "'^"B, ^-'^B and 
C, N and O isotopes. 

In Table HJ we list all reactions included in 
our network. Our sensitivity study excludes 
the reactions whose impacts have already been 
studied in previous work a nd whose rate unccr- 
tainties are documented in lAngulo et al.| ( 1999) ; 
Descouvemont et al.l (|2004l) : llliadis et al.l poiol ): 
Xu et al.l (2010). Beta decays are also ex- 



formed for each of the 271 reactions whose rates 
are obtained from TALYS and for those whose 
uncertainties have not been estimated. Based on 
the comparison of Section U^ between TALYS cal- 
culated rates on the one hand and experimental 
rates on the other hand we consider at most three 
orders of magnitude variations around the stan- 
dard reaction rates. More precisely, to estimate 
the impact of the reaction rates uncertainties on 
Standard Big-Bang Nucleosynthesis we perform 
six calculations by changing for each reaction its 
rate by factors of 0.001, 0.01, 0.1, 10, 100 and 
1000 and calculate the relative change in isotopic 
abundances. Table [U displays, for each reaction, 
isotopes for which the relative changes are larger 
than 20%. Mass fractions of isotopes with A>12 
are added together into CNO. The last column of 
Table [1] contains either the reference for the origin 



3 4 5 6 7 8 9 10 




TlXlO" 



Fig. 14. — (Color online) Standard Big-Bang Nu- 
cleosynthesis production of ^Li, Be, B and CNO 
isotopes as a function of baryonic density. 

of the reaction rate or the standard isotopic mass 
fraction value obtained with the standard values 
of the reaction rates. In many cases, even if the 
rate uncertainties have not been explicitly calcu- 
lated, it is clear that the error bars are much lower 
than the three orders of magnitudes assumed here, 
essentially because direct or indirect experimental 
information exists and may constrain the cross 
section. However, to keep the procedure simple, 
we postpone this discussion to the next section. 
There is indeed little interest to look for accu- 
rate estimates of rate uncertainties for reactions 
which happen to have no impact on the Standard 
Big-Bang Nucleosynthesis in our sensitivity study. 
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Table 1 
List of reactions included in the sensitivity test with references for the corresponding 

REACTION RATE AND RELATIVE CHANGE IN ISOTOPIC ABUNDANCES WHEN SIGNIFICANT. (SeE TEXT.) 





Reaction 


Rcf. 


i 


Enhancement factor Xi/Xl' 


XI' 



Factors 



0.001 



0.01 



0.1 



10. 



100. 



1000. 



X < (TV > 



"B 
lie 



Hc3(t,np)Hc4 



1.00x10° 

1.00x10° 

9.99x10-1 

1.00x10° 



1.00x10° 1.00x10° 9.97x10-1 

1.00x10° 1.00x10° 9.97x10-1 

1.00x10° 1.00x10° 9.98x10-1 

1.00x10° 1.00x10° 9.97x10-1 



9.72x10-1 
9.72x10-1 
9.72x10-1 
9.72x10-1 



7.96x10-1 
7.96x10-1 
7.90x10-1 
7.89x10-1 



CF88 



2.61xl0-'J 
1.99x10-2° 
4.16x10-15 
8.41x10-1^ 



He3(t,7)Li6 
9.97x10-1 1.03x10° 
9.98x10-1 1.02x10° 



FK90 
5.56x10-1'* 
2.16x10-2° 



^T~ 



9.97x10-1 
9.98x10-1 



1.31x10° 
1.22x10° 



4.11x10° 
3.20x10° 



°Li 
10b 



9.97x10 
9.98x10- 



10b 



4.12x10-^ 
4.43x10-1 



1.31x10-2 
4.48x10-1 



Hc4( d,7)Li6 
1.03x10-1 



9.97x10° 
6.02x10° 



9.97x101 
5.62x101 



9.95x10^ 
5.57x102 



HamlO 
5.56x10-1'' 
2.16x10-2° 



4.98x10- 



Tir 



T~ 



T~ 



Li6(Q,7)B10 
4.96x10-1 6.04x10° 



CF88 
2.16x10-2° 



B 



4.41x10 



4.46x10 



5.64x10 



5.60x102 



^^T" 



^T 



Li7(n,7)Li8 



l.OOxKT''^ l.OOxlOi 



MF89Hei98 
4.24x10-2^ 



*Li 



1.03x10 



1.00x10 



1.00x10^ 



1.00x10^ 



i°Be 

10b 

CNO 



8.31x10-1 

1.00x10° 

9.90x10-1 

9.99x10-1 



8.33x10-1 

1.00x10° 

9.90x10-1 

9.99x10-1 



Li7(d,7)Be9 

8.48x10-1 2.52x10° 

1.00x10° 1.00x10° 

9.91x10-1 1.09x10° 

9.99x10-1 1.01x10° 



1.77x101 
1.04x10° 
2.03x10° 
1.11x10° 



1.70x102 
1.42x10° 
1.14x101 
2.10x10° 



TALYSf 
2.90x10-1^ 
7.32x10-23 
2.16x10-2° 
4.98x10-15 



Li7(d,n)2Hc4 
1.00x10° 



CNO 



1.00x10° 
1.66x10° 



1.00x10° 
1.65x10° 



9.98x10-1 
2.80x10-1 



9.72x10-1 
5.99x10-2 



7.93x10-1 
2.18x10-2 



Boyd93t 
7.32x10-23 
4.98x10-15 



1.55x10° 



TIT 



^T" 



^^T" 



Li 7(t,7)Bel0 
^ 9.97x10° 



TALYS 
7.32x10-23 



Be 



3.89x10 



1.29x10 



1.03x10 



9.97x10 



9.97x102 



Li7(t,n)Bc9 
5.71x10-1 5.29x10° 
9.99x10-1 1.01x10° 
9.70x10-1 1.30x10° 
9.90x10-1 1.10x10° 



~^B^ 

i°Be 

10b 

CNO 



5.24x10-1 
9.99x10-1 
9.67x10-1 
9.88x10-1 



5.28x10-1 
9.99x10-1 
9.67x10-1 
9.89x10-1 



4.82x101 
1.12x10° 
4.29x10° 
2.14x10° 



4.77x102 
2.23x10° 
3.42x101 
1.17x101 



Bru90t 



2.90x10-"^ 
7.32x10-23 
2.16x10-2° 
4.98x10-15 





Li7(t,2n)2Hc4 


CF88&MF89 


CNO 


1.00x10° 


1.00x10° 


1.00x10° 9.91x10-1 


9.13x10-1 


5.32x10-1 


4.98x10-15 




Li7(He3,7)B10 


TALYS 


log 


9.93x10-1 


9.93x10-1 


9.94x10-1 1.06x10° 


1.70x10° 


8.08x10° 


2.16x10-2° 




Li7(Hc3,p)Be9 


TALYS 


«Be 

10b 


9.96x10-1 
9.98x10-1 


9.96x10-1 
9.98x10-1 


9.96x10-1 1.04x10° 
9.98x10-1 1.02x10° 


1.45x10° 
1.19x10° 


5.49x10° 
2.92x10° 


2.90xl0-i« 
2.16x10-2° 
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Table 1 — Continued 



^T~ 



^T~ 



Li8(n,7)Li9 



^T~ 



1.01x10° 1.06x10° 



Rau94 
98x10-1-^ 



CNO 9.99x10 



9.99x10 



9.99x10 



1.62x10° 



Li8(t,n)Bcl0 



1.00x10° 1.00x10° 1.00x10° 1.02x10° 1.23x10° 



TALYS 



T5" 



CNO 1.00x10° 



ixlO 



^T~ 



^T~ 



Li8(a,7)B12 



^T~ 



1.01x10° 



TT 



TT 



TALYS 

4.98x10-1'^ 



CNO 9.99x10 



9.99x10 



9.99x10 



1.11x10 



2.15x10 



Li8(Q:,n)Bll 



MizOlf 



9.03x10-1 1.97x10° 1.12x101 7.81xl0i 4.98x10 



-w 



CNO 8.92x10" 



8.93x10- 



CNO 9.99x10-1 9.99x10-1 9.99x10 



Li9(a,n)B12 



=T~ 



1.01x10° 1.08x10° 



IT 



TALYS 

.98x10-1'^ 



1.73x10' 



"^lT 

8Li 
^Be 
9Be 
i°Be 
8b 
i°B 
"B 
"C 



1.01x10° 
1.01x10° 
1.01x10° 
1.01x10° 
1.01x10° 
1.01x10° 
1.00x10° 
1.01x10° 
1.01x10° 



1.01x10° 
1.01x10° 
1.01x10° 
1.01x10° 
1.00x10° 
1.01x10° 
1.00x10° 
1.01x10° 
1.01x10° 



Bc7(d,p)2Hc4 



1.00x10° 
1.00x10° 
1.01x10° 
1.01x10° 
1.00x10° 
1.01x10° 
1.00x10° 
1.01x10° 
1.01x10° 



9.57x10-"^ 

9.57x10-1 

9.23x10-1 

9.46x10-1 

9.58x10-1 

9.23x10-1 

9.68x10-1 

9.32x10-1 

9.32x10-1 



7.36x10-1 
7.36x10-1 
5.27x10-1 
6.67x10-1 
7.43x10-1 
5.27x10-1 
8.05x10-1 
5.49x10-1 
5.49x10-1 



5.05x10-1 
5.05x10-1 
1.13x10-1 
3.77x10-1 
5.19x10-1 
1.14x10-1 
6.34x10-1 
1.06x10-1 
1.06x10-1 



CF88 



1.54x10-1° 
4.24x10-23 
2.61x10-9 
2.90x10-1*^ 
7.32x10-23 
1.99x10-20 
2.16x10-20 
4.16x10-15 
8.41x10-18 





Be7(t,7)B10 


TALYS 


i°B 


6.81x10-1 


6.84x10-1 


7.13x10-1 3.87x10° 


3.26x101 


3.20x10^ 


2.16x10-^0 




Bc7(t,p)Bc9 


TALYS t 


«Be 
lOBe 
i°B 


6.51x10-1 
9.99x10-1 
9.32x10-1 


6.54x10-1 
9.99x10-1 
9.33x10-1 


6.85x10-1 4.15x10° 
9.99x10-1 1.01x10° 
9.39x10-1 1.61x10° 


3.56x101 
1.11x10° 
7.72x10° 


3.45x10^ 
2.14x10° 
6.79x101 


2.90x10-18 
7.32x10-23 
2.16x10-20 




Bc9(d,n)B10 


TALYS 


lug 


9.98x10-1 


9.98x10-1 


9.98x10-1 1.02x10° 


1.23x10° 


3.33x10° 


2.16x10-20 




Be9(d,p)Bcl0 


TALYS 


l°Be 


9.97x10-1 


9.97x10-1 


9.97x10-1 1.03x10° 


1.28x10° 


3.78x10° 


7.32x10-23 




Bel0(p,a)Li7 


TALYS 


l°Be 


6.18x102 


1.53x102 


1.23x101 8.70x10-2 


8.23x10-^ 


8.13x10-^^ 


7.32x10-23 




BclO(a,n)C13 


TALYS 


CNO 


1.00x10° 


1.00x10° 


1.00x10° 1.00x10° 


1.03x10° 


1.28x10° 


4.98x10-1-5 




Bll(n,7)B12 


Rau94t 


CNO 


9.10x10-1 


9.11x10-1 


9.19x10-1 1.81x10° 


9.91x10° 


8.77x101 


4.98x10-15 




Bll(d,n)C12 


TALYS t 


CNO 


7.04x10-1 


7.06x10-1 


7.33x10-1 3.67x10° 


3.02x101 


2.80x102 


4.98x10-15 




Bll(d,p)B12 


TALYS t 


CNO 


9.92x10-1 


9.92x10-1 


9.92x10-1 1.08x10° 


1.83x10° 


9.33x10° 


4.98x10-15 




Bll(t,ii)C13 


TALYS 


CNO 


9.99x10-1 


9.99x10-1 


9.99x10-1 1.01x10° 


1.12x10° 


2.17x10° 


4.98x10-15 
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Table 1 — Continued 





Cll(n,7)C12 


Rau94 


CNO 


9.99x10-1 


9.99x10-1 


9.99x10-1 1.01x10° 


1.08x10° 


1.75x10° 


4.98x10-1^ 




Cll(n,a)2He4 


Rau94t 




1.16x10° 
1.16x10° 


1.16x10° 
1.16x10° 


1.15x10° 4.02x10-1 
1.15x10° 4.01x10-1 


1.16x10-2 
1.11x10-2 


1.63x10-"^ 
2.77x10-6 


4.16x10-1-^ 
8.41x10-18 




Cll(d,p)C12 


TALYSf 


CNO 


9.94x10-1 


9.94x10-1 


9.95x10-1 1.05x10° 


1.55x10° 


5.67x10° 


4.98x10-1^ 




C12(t,a)Bll 


TALYS 


CNO 


1.00x10° 


1.00x10° 


1.00x10° 9.97x10-1 


9.68x10-1 


7.49x10-1 


4.98x10-1^ 




C13(d,a)Bll 


TALYS 


CNO 


1.00x10° 


1.00x10° 


1.00x10° 9.63x10-1 


8.42x10-1 


7.52x10-1 


4.98x10-1^ 





f Reaction rate re-evaluated in Section 15."? 
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The examination of Table [T] shows that only a 
few reactions have a strong impact on the CNO or 
LiBeB productions. We did not consider reactions 
whose only impact would be on ^"^B (or ^°Be), be- 
cause its abundance would anyway remains negli- 
gible when compared to ^^B. 

Note that even with a factor 10"^ rate increase 
we have found no ^Li or ^Be n-, p-, d-, '^He- 
or a-induced reactions that would significantly 
reduce the ^Li-|-^Be abu ndance as suggested by 
Chakrabortv et al.l (|2011l ). exce pt for the ^ Be(d,p) 



n„h=WMAP 



reaction already co n sidered bv ICoc et al. 




Angulo et alJ (|2005l ) : ICvburt fc Pospelov 

Reactions affecting the ^Li nucleosynthesis 
are ^He(d,7)^Li and to a much lower extent 
He(t,7)^Li. The former has recently been exper - 



imentally re-investigated ( Hammache et al.l 120101 ) 



and its rate uncertainty should not exceed some 
40%. The rate of the latter has been calculated by 
Fukugita fc Kaiino I ( 19901 ) without providing an 
estimate of the associated uncertainty that should, 
in any case, be much lower that the factor of 1000 
needed. 

The ^Be nucleos ynthesis is sen sitive to the 
^Li(t , n)^Be reaction (IBoyd fc Kaiino 1989; Brune et al 
19911: iBarhoumi et al.l Il99ll ) but also to the 



'^Li(d,7)^Be, '^Be(t,p)^Be reactions and to a lower 
extent to the ''Li(^He,p)^Be. These rates are dis- 
cussed in Section [221 

The ^"'^B production could be drastically re- 
duced if the ^^C(n,Q;)2'*He reaction rate (Sec- 
tion [221) was higher. 

The CNO production is significantly sensi- 
tive (more than by a factor of about 2) to 
several reaction rates. In particular, these in- 
clude: ^Li(d,n)24He, ^Li(t,n)9Be, «Li(a,n)"B, 
"B(n,7)i2c, "B(d,n)i2c, "B(d,p)i2B as well as 
"'^^C(d,p)^^C. We re-evaluate their rates in Sec- 
tion 13.21 The impact of ^Li(d,n)2^He is unex- 
pected and should be compared to the influence 
of ^H(n,7)^H on ^Li. Indeed Fig. [15] shows the 
effect of increasing the ^Li(d,n)2*IIe reaction rate 
by a factor of 1000. Even though the final abun- 
dances are left unchanged, the peak ^Li abundance 
at t sa200 s is reduced by a factor of about 100. A 
similar evolution is followed by the ^Li and CNO 
abundances (not shown on the figure). 
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Fig. 15. — (Color online) Standard Big-Bang Nu- 
cleosynthesis production of H, He, Li, Be and B 
isotopes with the '''Li(d,n)2'^He reaction rate from 
iBoyd et al.l (|l993l ) (dashed lines, corresponding to 
Fig. [H]) and with the same rate multiplied by a 
factor of 1000 (solid lines). 



3.2. Improvement of some critical reaction 
rates 

In this Section, the above-mentioned critical re- 
actions are analyzed and their rates re-evaluated 
on the basis of suited reaction models. In addition, 
realistic uncertainties affecting these rates are esti- 
mated in order to provide realistic predictions for 
the BBN. Since each reaction represents a specific 
case dominated by a specific reaction mechanism, 
they are analyzed and evaluated separately below. 

3.2.1. ^ Li(d,-if Be affecting ^ Be 

The total reaction rate consists of two contribu- 
tions, namely a resonance and a direct part. The 
direct contribution is obtained by a numerical in- 
tegration from the experimentally known S'-factor 
(jSchmid et al.l Il993l ). The corresponding upper 
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and lower limits are estimated by multiplying the 
S-factor by a factor 10 and 0.1, respectively. The 
resonance contribution is estimated on the basis 
of Eqs. (11) and (1 4) in the NACRE evaluation 
(JAngulo et al.lll999l) where the resonance param- 
eters and their uncertainties for the compound 
system ^Be are tak en from the RIPL-3 database 
( Capote et al.ll2009l ). The final rate with the esti- 
mated uncertainties are shown and compared with 
TALYS predictions in Fig. [HI 

3.2.2. Hi(d,n)2 '^He affecting CNO 

Both the resonant and direct mechanisms con- 
tribute to the total reaction rate. The reso- 
na nce part is calculate d by Eqs. (11) and (14) 
of lAngulo et al.l (|1999l ). where the lowest 4 res- 
onances in the ''Li(d,n)2a reaction centre-of-mass 
system are considered, the correspon ding resonant 



param eters being taken from RIPL-3 lCapote et al 



( 20091 ) ■ For the direct part, the contribution is ob- 
tained by a numerical integration with a constant 
S-factor of 150 MeV b is con sidered for the up- 
per limit iHofstee et all (l200ll) and of 5.4 MeV b 
for the lower limit ISabourov et al.l (|2006l ). The 
recommended rate is obtained by the geometrical 
means of the lower and upper limits of the total 
rate. The final rate with the estimated uncertain- 
ties are shown and compared with the TALYS and 
Bovd et all (|l993l ) rates in Fig. [HI 
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Fig. 18. — (Color online) Estimated rates for 
^Li(d,n)2^He and comparison with TALYS and 
Bovd et all (|l993l ) rates. 



3.2.3. Hi(t,nfBe affecting CNO and ^Be 

To esti mate the ^Li( t, n)^B rate, experimental 

as well as theo- 



data from iBrune et al.l ( 



1991L 



Yamamoto et al.l (|l993l ) 



retical calculations from 

are considered. More precisely, the lower limit 

of the total reaction rate is 



theoretical analysis of lYamamoto et al 



obtained fro m the 
(Il993h 



based on the experimental determination of th e 
^Li(t,no)^B cross section bv I B rune et al.l (|l99ll ). 
The upper limit is assumed to be a factor of 25 
larger than the lower limit. This factor corre- 
sponds to the ratio between the '^Li{t, ntot)^B and 
^Li(t,nn )^B cross sections determined experimen- 
tally bv lBrune et"aLl (|l99ll ) in the 0.20 to 1.4 MeV 
energy region. The final rates are shown in Fig.lTSl 



3.2.. 



Li(a,n)^^B affecting CNO 



For this reaction, various experimental informa- 
tions exist and may constrain the determination of 
the reaction rate. In particular, the ^Li(a,n t ot)^^B 
measurements of iLa Cognata et al.l (|2008l l2009l ) 
above typically 0.6 MeV are used to estimate the 
upper limit of the cross section, considering a con- 
stant S'-factor at energies below 0.6 MeV. This 
rate is also used as the recommended rate. 

As far as the lower limit is concerned, exper- 
imental constraints are taken from the measure- 
ments of llshivama et al.l ( 20061 ) w hich a re signifi- 



cantly lower than those obtained bv lLa C ognata et al 



(|2008i l2009t ). At energies below 0.75 MeV, 



down to 0.4 MeV, the ground-state expe rimen- 
tal cross section ^Li(a,no )^^B (Paradell is et al 
1990l : llshivama et al.l l2006l ) provide a lower limit 
of the cross section, while at energies below 
0.4 MeV, a constant S'-factor is assumed and ex 
trapolated from the 



Paradellis erall (|l990l ) and 



Ishivama et al.l (|2006[ ) data. The final rates are 



shown in Fig. [TOI and comp ared with ICu et al. 
(|l995l) and lMizoiet"aII (|2000l ). 



3.2.5. '^Be(t,pf Be affecting^ Be 

The total rate also consists of a resonant plus 
a direct contribution. Since no experimental data 
is available, information on the direct contribu- 
tion is taken from the mirror ^Li(^He,p)^ Be re- 
action as given by lYamamoto et al.l ( 1993 ) . The 
upper and lower limits are estimated by multiply- 
ing the corresponding S-factor by factors of 10 and 
0.1, respectively. The same procedure as used for 
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Fig. 19. — (Color online) Adopted rates for 
^Li(a,n)^^B an d c omparison with TALYS , 
Guet all (|l995l) and iMizoi etldl (|2000[ ). 



Fig. 20. — (Color online) ^^B(d,n)^^C experimen- 
tal and estimated S-factor. The solid line corre- 
sponds to the TALYS prediction. 



''Li(d,7)^Be (see above) is followed to determine 
the resonance component, the resonant parame- 
ters of the compound nuclei ^"^B as well as their 
uncertainties being taken from the RIPL-3 library 
( Capote et al.ll2009l) . The final rates are shown in 
Fig.im 

3.2.6. ^^B(nnPC affecting CNO 

A recent experimental determinatio n of the 
- ^^B(n ,7)^^C cross section was obtained bv lLee et ah 
(|2010l ). including upper and lower limits (see 
Fig. [T7)) . Those are considered in the present 
study. 

3.2.7. ^'^B(d,nPC affecting CNO 

For energies Ecm ranging between 0.1 and 5 
MeV, five sets of exper i mental data are avail- 



3.2.8. 



11, 



B(d,pPB affecting CNO 



able ( Am es et al. 19571: Sicmsse n et al. 1965t 



Class et al..l965;lHofstee et al..200lHParpottas et al 



20061) . A theoretical Distorted Wave Born Ap- 
proximation (DWBA) analysis and extrapola- 
tion is performed to estimate th e S-factors below 
Er_^,={).l MeV, as detailed in IXu et al.l (|2010l 



1201 it ). The DWBA resuhs (along with a 20% un- 
certainty) are compared with experimental data in 
Fig. 1201 The final rates are computed by a numer- 
ical integration taking into account the DWBA 
estimates below i^c.m. =0.5 MeV and the experi- 
mental data with their error bars above (Fig. BU]) . 



Thre e sets of experimental data have been re- 
portcd fKavanagh & Barnes ll958tlGuzhovskii et al 
1985; Yan ct al. IQQTj) for energies E^m ranging 
from 0.1 MeV to about 10 MeV. To extrapolate 
the S-factors below Ec,m.=Q.l MeV, a DWBA 
evaluation is performed, as described above. The 
adopted results with an artificial 20% uncertain- 
ties are shown in Fig. [21] along with the available 
experimental data. The theoretical DWBA results 
below Ecm =0.4 MeV as well as the experimental 
data with the error bars above Ecm =0.4 MeV are 
used to estimate the final rates (see Fig. [2T|). 

3.2.9. ^^ C(n,a) 2a affecting ^^B 

The total reaction rate consists of two contribu- 
tions, namely a resonance and a direct component. 
Concerning the resonant contribution, the calcula- 
tion is performed on the basis ofEqs. (11) and (14 ) 
of the NACRE compilation (|Angulo et al.lll999[) . 
where the resonance parameters and their uncer- 
tainties in the compoun d nucleus ^^C are taken 
from the RIPL-3 librarv ( |Capote et ai] l2009l). The 
direct component (and the corresponding uncer- 
tainties) is evaluated based on the thermal cross 
sections (IRauscher et al.l Il994 ). Thanks to the 
similar properties between the direct ^^C-|-n and 
^^B-|-p reaction channels, the thermal cross section 
is obtained separately by performing DWBA cal- 
culations for the ^^C(n,a)2a reaction where the 
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Fig. 21. — (Color online) ^^B(d,p)^^B experimen- 
tal and estimated S-factor. The solid line corre- 
sponds to the TALYS prediction. 



Woods-Saxon potential is constrained by experi- 
mental data on the mirror reaction ^^B( p,Q;)2a, as 



descr ibed in the NACRE 2 compilation (jXu et al. 
201 ih . 



3.2.10. " C(d,p)^^ C affecting CNO 

The total reaction rate consists of the two reso- 
nance and direct contributions. As done for previ- 
ous reactions, for the resonance contribution, the 
parameters and their uncertainties in the com- 
pound nucleus ^'^N are tak en from the RIPL-3 
library (|Capote et al.l 120091 ) ■ The direct compo- 
nent is obtained by a numerical integration with 
astrophysical factors S{0) corresponding to 68.43, 
82.12 and 54.75 MeVb for the recommended, up- 
per and lower limits, respectively. These 5'-factors 
are taken from the direct component in the mir- 
ror reaction channel '^^B(d,p)^^B, studied in Sect. 
3.2.8. 

Finally, the 6 charged-particle-induced re- 
actions and 2 neutron-induced reactions that 
have been re-evaluated above are compared in 
Figs. [TBIITTI with TALYS predictions. Some devi- 
ations are obtained essentially for the cases (e.g. 
^Li(a,n)^^B) where experimental data exist and 
have been used to constrain the reaction cross 
sections. For the other cases (e.g. ^'^C(d,p)^^C), 
the new determination is also based on theoretical 
arguments and minor differences are found in fact. 



4.1. Standard BBN and comparison v^rith 
astrophysical constraints 

Table [2] displays the comparison between the 
spectroscopic observations and our BBN calcu- 
lated ''He, D, •^He and ^Li abundances with i) our 
Monte-Ca rlo code including the 1 3 main nuclear 
reactions (|Coc fc Vangioni 1 120101) and our new 
code with ii) the 13-1-2 (for ^Li) nuclear reactions 
network, iii) the present extended (424) nuclear re- 
action network. The small difference between cen- 
tral Monte-Carlo values (CVIO column) and the 
new 15 reaction network results can be explained 
by the former use o f the ilb-/i^=0.023 value from 
Spergel et aD (jioO^) rather than t he new WMAP 
7-yea rs result r2b-/i^=0. 02249 (JKomatsu et al. 
20 111 ). The small difference (-1-2%) between the 



13 and 424 reactions network can be traced back 
to the contribution of the additional reactions in 
the A<8 domain. Nevertheless, Table [T] (where 
the threshold is at a 20% abundance variation) 
shows that none of these reactions can alleviate 
the lithium problem. We hence confirm the ro- 
bustness of the standard BBN results and refer to 
a forthcoming paper the discussion of the "^He, D, 
■^He and ^Li aspects. T his is also true for the ^L i 
abundance compared to iHammache et al.l (2010|). 



In particular, no new effective neutron source has 
been found that may destroy ^Be and reduce the 
lithium problem. 

The concordance with the spectroscopic ob- 
servations is in perfect agreement for deuterium. 
Considering the large uncertainty associated with 
*He observations, the agreement is also fair. The 
calculated ^He value is close to its galactic value 
showing that its abundance has not changed sig- 
nificantly during galactic chemical evolution. On 
the contrary, as well-known the '^Li(CMB+BBN) 
calculated abundance is significantly higher than 
the spectroscopic observations by a factor of about 
3.5. Indeed the extended network cannot bring 
a sufficient neutron source to modify the primor- 
dial value. The origin of this discrepancy be- 
tween CMB-I-BBN and spectroscopic observations 
remains an open q u estion . As mentioned before, 
Chakrabortv et al.l (|201ll ) have proposed an ef- 
ficient ^Be destruction as a possible solution to 
the lithium problem; this destruction requires new 
resonances, in particular associated with the ^"C 
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compound nucleus. In our sensitivity study, we 
have not seen such an effect that would require a 
rate enhancement by resonances larger than the 
three orders of magnitude considered here. 

The main nu clear path to CNO (see also 
locco et al.luOOTI) proceeds from the ^Li(a,7)^^B 
followed by "B(p,7)i2c, "B(d,n)i2c, "B(d,p)i2B 
and ^-'^B(n,7)^^B reactions. An other nucleosyn- 
thesis paths start with ^Li(n,7)^Li(a,n)^^B. The 
nuclear flow starting by ^ B(a,7)^^N is negligi - 



ble because it is well known (jHernanz et al.lll996f ) 
^B production by ^Be(p,7) is hindered at 



that 



high temperatures by photodisintegration, so that 
its formation is delayed until lower temperatures 
are reached (see Fig. [T^ . ^Be is produced by 
■^Li(t,n)9Be and '^Be(t,p)9Be while final "B is 
produced by the late decay of ^^C (see Fig.[T2|). 

Table [3] compares the BeB and CNO primordial 
abundances calculated with our extended nuclear 
network in its initial version with those obtained 
after its improveme nt described i n Sect ion l3.2l and 
with the results of llocco et al.l ( 20071) . As one 



can see, the final CNO abundances are very close, 
i.e CNO/H w 5x10^^^ though some differences 
can be found in the isotopic composition. This 
is particularly visible for -'^'^C which is efficiently 
destroyed in our calculations (see Fig. [T3)) by the 
1'^C(p,7)15n and i'*C(d,n)i5N reactions. "c/H is 
found to be a factor 10^ mor e abundant than pre- 
dicted bv llocco et al.l (|2007t ). The reason for this 
discrepancy is unknown as the llocco et al.l (|2007l ) 
network is not given explicitly. For the sake of 
comparison, we also performed a nucleosyn thesis 
calculation using iThomas et al] (|l993lll994t ) rates 
instead of the TALYS rates whenever available and 
found a ^'^B/H abundance higher by a factor of 
~ lO** and a CNO abundance higher by a fac- 
tor of ~ 10^. We will not discuss these results 
as they are due to quite unrealistic ^°B(a,7)^^N, 
i°Be(a, 7)"C and ^B{a, j)^^N rates (see Fig. [TOl). 

5. Conclusion 



We have used an extensive network of more 
than 400 nuclear reactions whose thermonuclear 
reaction rates are adopted from evaluations based 
on experimental data or were calculated using the 
TALYS code. It enabled us to calculate the Stan- 
dard Big-Bang Nucleosynthesis production of ^Li, 
^Be, ^"B, ^-'^B and CNO isotopes more reliably. 



We performed a sensitivity study by varying un- 
certain reaction rates by factors of up to 1000 and 
down to 0.001. In that way, a few reactions that 
could affect the A>7 isotope yields were identified 
and their rate (re-) evaluated using available ex- 
perimental data and/or theoretical or phenomeno- 
logical input. On the basis of these new evalua- 
tions the ^Be, ^"B, ^^B and CNO isotope produc- 
tion was found to be close to the initial results 
and in global agre ement with previous calculations 



( locco et al.ll2007 ) 



For most of the few reactions which were iden- 
tified to have an impact on Standard Big-Bang 
Nucleosynthesis, we were able to collect sufficient 
experimental data to derive new reaction rates 
with associated uncertainties much reduced with 
respect to our initial three orders of magnitude 
variation. (An exception is ^Be(t,p)^Be but af- 
fecting the ^Bc production only.) In some cases 
these new rates differ from the previous ones by 
large factors but changes compensating each other 
(e.g. "B(d,n)i2c and "B(d,p)i2B) ^Uow us to 
confirm the CNO Standard Big-Bang Nucleosyn- 
thesis production of about 0.7x10^^'* in mass frac- 
tion (i.e CNO/H « 0.7 x lO^^^ ). Based on the 
rate uncertainties (a factor of ^10 at BBN tem- 
pera tures) obtained in Sec tion 13.21 and combining 
(see iLongland et al.l 120101 ) the corresponding un- 
certainty factors from Table |T] we can estimate the 
uncertainty on CNO production to be of a factor of 
^4. This is too small to have presently an impact 
on Population III stellar evolution. It is never- 
theless a reference value for comparison with non- 
standard Big-Bang Nucleosynthesis CNO produc- 
tion e.g. in the context of varying constants. 

Finally, our extension of the network does not 
help alleviate the discrepancy between the calcu- 
lated and observed ^Li abundances. No new late- 
time neutron source was found that could destroy 
^Be before it decays to ^Li. 

Nevertheless we pointed out the unexpected 
high sensitivity of the CNO abundance with re- 
spect to the ''Li(d,n)2''He reaction rate. A similar 
situation was found between the ''Li abundance 
and the ^H(n, 7)^11 reaction rate. This emphasizes 
again the complex nature of nucleosynthesis and 
a posteriori justifies such a sensitivity study: the 
impact of a given reaction being not always pre- 
dictable, even in the simple case (i.e. homogeneity, 
no mixing, nor convection,...) of BBN. As a conse- 
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quence, even though very unlikely, the search for 
a nuclear solution to the lithium problem remains 
justified. 
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Fig. 16. — (Color online) Comparison of the newly determined rates (dashed line) and their estimated un- 
certainties (dash-dot and dotted lines) with TALYS predictions (solid line) for the six reactions ^Li(d,7)^Be, 
7Li(t,n)9B, 7Be(t,p)9Be, "B(d,n)i2c, "B(d,p)i2B, ^^C{d,vY^G. 
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Fig. 17.— (Color online) Same as Fig.[T6]for "B(n,7)i2c and "C(n,a)2a 
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Fig. 22. — (Color online) Reduced network displaying the important reactions for ^He, D, ^He and ^Li 
(blue), ^Li (green), ^Be (pink), ^'^^^^B (cyan) and CNO (black) production. Note that CNO production is 
via ^^B but follows a different path than primordial ^^B formation through the late time ^^C decay. 
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Table 2: Primordial abundances of H, He and Li isotopes at WMAP7 baryonic density. 



CVIO This work This work 

Nb. reactions 13 (+2) 15 424 



Observations 



yp 


0.2476±0.0004 


0.2475 


0.2476 


0.2561 ±0.0108 


D/H (xlQ--^) 


2.68 ±0.15 


2.64 


2.59 


2.82±0.2 


^He/H (xlO^^) 


1.05±0.04 


1.05 


1.04 


1.1 ±0.2 


7Li/H(x 10-10) 


5.14±0.50 


5.20 


5.24 


1.58±0.31 


^Li/H (xlO"") 


1.3t 


1.32 


1.23 


-1000 (?) 



CVIO: ICoc fc Vangioni I (|2010D using Vty.-h'^ fro^ 



Komatsu et al. (2011 



Sper 



iHammache et al.l (|201o[l 



rel et al.l (|2007l ). This work uses the new 



value. 



Table 3: Be to CNO primordial abundances by number at WMAP7 baryonic density. 



IMMPS07 



This work 
(Initial*) 



CNO/H (xlO^i^) 



6.00 



This work 
(Improved*) 



«Bc/H(xlO-^«) 


2.5 


2.24 


9.60 


ioB/H(x10"21) 




2.78 


3.00 


"B/H(xl0-i6) 


3.9 


5.86 


3.05 


i2C/H(xlO-i6) 


4.6 


3.56 


5.34 


i3C/H(xlO-i6) 


0.90 


0.87 


1.41 


"C/H(x10-21) 


13000. 


0.96 


1.62 


i^N/H (xlO-i^) 


3.7 


3.98 


6.76 


i^N/H (xlO-20) 




1.32 


2.25 


i^O/H (xlO-20) 


2.7 


5.18 


9.13 



IMMPS07: llocco et al.l dJOOTt ) C3 code 



'Initial' corresponds to original network before re-evaluations of selected reaction rates 'improved' (see 

text). 
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Network 
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Table 4 
Network 



Reaction 


Rcf. 


Q (McV) 


Reaction 


Rcf. 


Q (McV) 


^n(p,7)^H 


And06 


2.2246 


^H(n,p)^H 


CF88 


2.2246 


2H(n,7)3H 


Nag06 


6.2572 


2H(p,7)3Hc 


DAACV04 


5.4935 


2H(d,n)3Hc 


DAACV04 


3.2689 


2H(d,p)3H 


DAACV04 


4.0327 


2H(a,7)6Li 


HamlO 


1.4738 


2H(d,7)4He 


NACREII 


23.8465 


3H(t,2n)4He 


CF88 


11.3321 


3H(a,n)6Li 


CF88 


-4.7834 


3H(p,7)4He 


Scr04 


19.8139 


3H(d,n)4He 


DAACV04 


17.5893 


3H(a,7)7Li 


DAACV04 


2.4666 


3Hc(n,7)4He 


?Wag69 


20.5776 


3He(t,d)'*He 


CF88 


14.3204 


3Hc(t,np)4He 


CF88 


12.0958 


3He(t,7)6Li 


FK90 


15.7942 


3He(n,p)3H 


DAACV04 


0.7638 


3He(d,p)4He 


DAACV04 


18.3531 


3He(a,7)^Be 


Cyb08 


1.5861 


3He(3He,2p)4He 


NACREII 


12.8596 


4He(an,7)9Be 


NACRE 


1.5735 


'*He(np,7)6Li 


CF88! 


3.6984 


^Ue{aay^C 


NACRE 


7.2747 


4He(2n,7)6He 


Efr96 


0.9724 


6Li(n,7)7Li 


MF89 


7.2500 


6Li(d,p)^Li 


MF89 


5.0254 


6Li(d,n)7Be 


MF89 


3.3812 


6Li(a,7)i°B 


CF88 


4.4610 


6Li(p,7)7Be 


NACREII 


5.6057 


'3Li(p,a)3He 


NACREII 


4.0196 


6Li(3He,p)4He 


TALYS 


16.8792 


6Li(t,7)9Be 


TALYS 


17.6890 


6Li(t,n)4Hc 


TALYS 


16.1155 


6Li(t,p)8Li 


TALYS 


0.8008 


6Li(t,d)^Li 


TALYS 


0.9927 


6Li(3Hc,d)7Bc 


TALYS 


0.1123 


7Li(d,n)24He 


Boy93 


15.1227 


^Li(t,2n)'^Hc 


CF88& MF89 


8.8655 


7Li(3Hc,np)4He 


CF88& MF89 


9.6292 


7Li(t,n)9Be 


Bru91 


10.4390 


7Li(a,n)iOB 


NACRE 


-2.7890 


7Li(ii,7)8Li 


MF89Hci98 


2.0326 


^Li(d,p)«Li 


MF89 


-0.1919 


^Li(p,a)4Hc 


DAACV04 


17.3473 


7Li(p,7)4He 


NACREII 


17.3473 


^Li(d,7)9Be 


TALYS 


16.6963 


7Li(3He,7)iOB 


TALYS 


17.7887 


^Li(3He,a)'^Li 


TALYS 


13.3276 


7Li(t,7)iOBe 


TALYS 


17.2512 


7Li(3He,p)9Be 


TALYS 


11.2028 


^Li(3He,d)4He 


TALYS 


11.8538 


7Li(a,7)"B 


NACREII 


8.6652 


8Li(d,p)9Li 


Bal95 


1.8393 


8Li(d,t)^Li 


Has09 


4.2246 


8Li(n,7)9Li 


Rau94 


4.0639 


«Li(p,n)4He 


Bec92 


15.3147 


«Li(d,n)9Be 


Bal95 


14.6636 


8Li(p,7)9Be 


TUNL& Cam08 


16.8882 


8Li(a,7)i2B 


TALYS 


10.0029 


SLi(a,n)"B 


MizOO 


6.6325 


«Li(d,7)iOBe 


TALYS 


21.4759 


8Li(3He,7)"B 


TALYS 


27.2102 


8Li(3He,n)iOB 


TALYS 


15.7560 


8Li(3He,p)iOBe 


TALYS 


15.9824 


«Li(3He,a)7Li 


TALYS 


18.5450 


8Li(t,7)"Be 


TALYS 


15.7226 


«Li(t,n)iOBe 


TALYS 


15.2186 


8Li(3Hc,d)9Bc 


TALYS 


11.3947 


«Li(3He,t)4He 


TALYS 


16.0784 


9Li(p,t)7Li 


TALYS 


2.3853 


9Li(d,n)iOBe 


TALYS 


17.4120 


9Li(p,ii)9Be 


TALYS 


12.8244 


9Li(a,n)i2B 


TALYS 


5.9390 


9Li(p,7)iOBe 


TALYS 


19.6366 


9Li(a,7)"B 


TALYS 


10.8170 


9Li(d,7)"Be 


TALYS 


17.9160 


9Li(3He,7)i2B 


TALYS 


26.5166 


9Li(3He,n)"B 


TALYS 


23.1463 


9Li(3He,p)"Be 


TALYS 


12.4225 


9Li(3He,a)8Li 


TALYS 


16.5138 


9Li(t,7)i2B, 


TALYS 


14.8271 


9Li(t,n)"Be 


TALYS 


11.6588 


^U{d,tfU 


TALYS 


2.1934 


9Li(3He,d)iOBe 


TALYS 


14.1431 


9Li(3He,t)9Be 


TALYS 


13.5881 
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Table 4 — Continued 



^Be(n,p)^Li 


DAACV04 


1.6442 


^Be(d,p)'*He 


CF88 


16.7670 


^Bc(t,np)4He 


CF88& MF89 


10.5097 


^Bc(3He,2p)4He 


CF88& MF89 


11.2735 


^Be(3He,7)i°C 


TALYS 


15.0025 


^Be(n,7)4He 


TALYS 


18.9915 


7Be(t,7)i°B 


TALYS 


18.6691 


^Be(t,p)9Be 


TALYS 


12.0833 


^Bc(t,a)6Li 


TALYS 


14.2081 


^Bc(t,d)4He 


TALYS 


12.7343 


^Bc(t,3He)^Li 


TALYS 


0.8805 


^Be(3Hc,p)2a 


TALYS 


11.2735 


'Be(p,7)«B 


NACREII 


0.1375 


7Be(a,7)"C 


NACREII 


7.5446 


9Bc(n,7)iOBe 


Rau94 


6.8122 


9Bc(p,pn)4He 


NACRE 


-1.5735 


9Be(t,n)iiB 


TALYS 


9.5582 


9Bc(a,7)i3c 


TALYS 


10.6475 


9Be(d,7)"B 


TALYS 


15.8154 


'5Bc(d,ii)iOB 


TALYS 


4.3613 


9Be(d,p)iOBe 


TALYS 


4.5877 


9Bc(d,a)^Li 


TALYS 


7.1503 


9Be(3He,7)i2C 


TALYS 


26.2788 


9Bc(3He,n)"C 


TALYS 


7.5572 


9Be(3He,p)iiB 


TALYS 


10.3219 


9Be(3He,a)4He 


TALYS 


19.0041 


9Be(t,7)i2B 


TALYS 


12.9285 


9Be(t,a)8Li 


TALYS 


2.9257 


9Be(d,t)4He 


TALYS 


4.6837 


9Be(t,d)i"Be 


TALYS 


0.5550 


9Be(3He,d)iOB 


TALYS 


1.0924 


9Be(p,7)iOB 


NACREII 


6.5859 


9Be(p,d)'*He 


NACREII 


0.6510 


9Be(p,a)6Li 


NACREII 


2.1249 


9Be(a,n)i2c 


NACREII 


5.7012 


iOBc(n,7)"Be 


Rau94 


0.5040 


iOBe(a,7)"C 


TALYS 


12.0117 


ioBc(p,7)11B 


TALYS 


11.2278 


i°Be(p,a)7Li 


TALYS 


2.5626 


iOBc(a,n)i3c 


TALYS 


3.8353 


iOBe(d,7)i2B 


TALYS 


12.3735 


i"Be(d,n)"B 


TALYS 


9.0032 


iOBe(d,a)8Li 


TALYS 


2.3707 


i"Be(3He,7)i3c 


TALYS 


24.4129 


iOBe(3Hc,n)i2c 


TALYS 


19.4666 


iOBe(3He,p)i2B 


TALYS 


6.8800 


iOBe(3Hc,a)«Be 


TALYS 


13.7654 


iOBe(t,7)"B 


TALYS 


10.9943 


iOBe(t,n)i2B 


TALYS 


6.1163 


iOBe(t,a)9Li 


TALYS 


0.1773 


iOBe(p,t)4He 


TALYS 


0.0960 


iOBc(3He,d)iiB 


TALYS 


5.7343 


iOBe(3He,t)i"B 


TALYS 


0.5374 


iiBc(n,7)i2Bc 


Rau94 


3.1683 


"Be(p,a)8Li 


TALYS 


4.0912 


"Be(p,n)"B 


TALYS 


10.7238 


iiBe(a,n)"C 


TALYS 


11.5077 


"Be(a,7)i5C 


TALYS 


12.7258 


"Be(d,7)i3B 


TALYS 


16.7475 


"Be(d,n)i2B 


TALYS 


11.8695 


"Be(d,p)i2Be 


TALYS 


0.9438 


iiBe(d,a)9Li 


TALYS 


5.9305 


iiBe(3He,7)"C 


TALYS 


32.0853 


iiBc(3Hc,n)i3c 


TALYS 


23.9089 


"Be(3Hc,p)i3B 


TALYS 


11.2540 


iiBcC''Hc,a)i"Bc 


TALYS 


20.0736 


"Be(p,7)i2B 


TALYS 


14.0941 


"Be(t,7)"B 


TALYS 


11.4598 


"Be(t,n)i3B 


TALYS 


10.4903 


"Be(p,t)9Be 


TALYS 


1.1656 


"Bc(p,d)i"Be 


TALYS 


1.7205 


i2Be(a,7)i6c 


TALYS 


13.8079 


i2Be(a,ii)i5c 


TALYS 


9.5575 


i2Be(d,7)i4B 


TALYS 


14.5487 


i2Be(d,n)i3B 


TALYS 


13.5792 


i2Be(3He,7)i5c 


TALYS 


30.1351 


i2Be(3He,n)"c 


TALYS 


28.9170 


12Bc(3Hc,p)14b 


TALYS 


9.0552 


i2Be(3He,a)"Be 


TALYS 


17.4093 


i2Be(p,7)i3B 


TALYS 


15.8038 


i2Be(p,n)i2B 


TALYS 


10.9258 


i2Be(t,7)i5B 


TALYS 


11.0548 


i2Be(t,n)i4B 


TALYS 


8.2915 


i2Be(p,a)9Li 


TALYS 


4.9868 


i2Be(p,t)iOBe 


TALYS 


4.8095 


8B(p,7)9C 


Des99Bea01 


1.3000 


8B(a,7)i2N 


TALYS 


8.0083 


«B(n,p)4He 


TALYS 


18.8540 
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8B(a,p)"C 


TALYS 


7.4071 


8B(d,7)i0C 


TALYS 


20.3585 


8B(3Hc,p)1"C 


TALYS 


14.8650 


8B(t,7)"C 


TALYS 


27.2210 


8B(t,n)iOC 


TALYS 


14.1013 


«B(t,p)iOB 


TALYS 


18.5316 


8B(t,a)^Be 


TALYS 


19.6764 


8B(n,3He)6Li 


TALYS 


1.9748 


8B(n,d)7Bc 


TALYS 


2.0871 


*^B(d,3He)^Be 


TALYS 


5.3560 


«B(t,3Hc)4He 


TALYS 


18.0903 


iOB(a,n)i3N 


CF88 


1.0588 


iOB(a,7)i^N 


TALYS 


11.6122 


iOB(n,7)"B 


TALYS 


11.4541 


iOB(a,p)i3C 


TALYS 


4.0616 


iOB(d,7)i2c 


TALYS 


25.1864 


iOB(d,n)iiC 


TALYs 


6.4648 


iOB(d,p)"B 


TALYS 


9.2296 


iOB(d,a)4He 


TALYS 


17.9117 


iOB(3He,7)i3N 


TALYS 


21.6364 


i"B(3Hc,n)i2N 


TALYS 


1.5725 


10B(3Hc,p)12c 


TALYS 


19.6929 


iOB(n,p)iOBc 


TALYs 


0.2263 


iOB(t,7)^-^C 


TALYS 


23.8755 


iOB(t,n)i2c 


TALYS 


18.9292 


iOB(t,p)i2B 


TALYS 


6.3426 


iOB(t,a)9Be 


TALYS 


13.2280 


i"B(n,t)4Hc 


TALYS 


0.3224 


iOB(a,d)i2c 


TALYS 


1.3399 


i°B(p;^Hc)''Ho 


TALYS 


-0.4414 


iOB(t,d)"B 


TALYS 


5.1969 


iOB(3He,d)"C 


TALYS 


3.1959 


i"B(p,7)"C 


NACREII 


8.6894 


iOB(p,a)7Be 


NACREII 


1.1447 


"B(p,n)iiC 


NACRE 


-2.7647 


"B(n,7)i2B 


Rau94 


3.3703 


"B(a,p)"C 


Wan91 


0.7840 


"B(a,7)i5N 


Wan91 


10.9914 


"B(d,7)i3C 


TALYS 


18.6786 


iiB(d,n)i2c 


TALYS 


13.7323 


"B(d,p)i2B 


TALYS 


1.1458 


"B(d,a)9Bc 


TALYS 


8.0311 


"B(3He,7)i4N 


TALYS 


20.7357 


"B(3He,n)i3N 


TALYS 


10.1823 


"B(3He,p)i3c 


TALYS 


13.1851 


"B(3He,a)iOB 


TALYS 


9.1235 


"B(t,7)i4c 


TALYS 


20.5978 


"B(t,n)i3c 


TALYS 


12.4214 


"B(t,a)iOBe 


TALYS 


8.5861 


"B(t,p)"B 


TALYS 


-0.2335 


iiB(3He,d)i2c 


TALYS 


10.4634 


"B(p,7)i2C 


NACREII 


15.9569 


"B(p,a)''He 


NACREII 


8.6821 


"B(a,n)i4N 


NACREII 


0.1581 


i2B(p,a)9Be 


TALYS 


6.8854 


i2B(a,7)i6N 


TALYS 


10.1101 


i2B(p,n)i2c 


TALYS 


12.5866 


i2B(a,n)i5N 


TALYS 


7.6211 


i2B(d,7)i4c 


TALYS 


23.4847 


i2B(d,n)i3C 


TALYS 


15.3083 


i2B(d,p)i3B 


TALYS 


2.6535 


i2B(d,a)i"Bc 


TALYS 


11.4730 


12b(3Hc,7)15n 


TALYS 


28.1987 


i2B(3He,n)"N 


TALYS 


17.3654 


i2B(3He,p)i4c 


TALYS 


17.9913 


i2B(3He,a)"B 


TALYS 


17.2073 


i2B(n,7)i3B 


TALYS 


4.8780 


i2B(p,7)"C 


TALYS 


17.5329 


i2B(t,7)i5c 


TALYS 


18.4456 


12B(t,Il)14C 


TALYS 


17.2275 


i2B(t,a)"Be 


TALYS 


5.7198 


9C(a,p)i2N 


Wie89 


6.7083 


9C(a,7)"0 


TALYS 


8.2234 


9C(d,p)i0C 


TALYS 


19.0586 


9C(n,7)i°C 


TALYS 


21.2831 


9C(t,7)i2N 


TALYS 


26.5222 


'C(t,p)"C 


TALYS 


25.9210 


9C(t,a)8B 


TALYS 


18.5139 


9C(n,3He)^Bo 


TALYS 


6.2806 


9C(n,d)8B 


TALYS 


0.9246 


"C(p,7)12n 


Tan03 


0.6012 


"C(n,7)i2C 


Rau94 


18.7216 


"C(n,a)4He 


Rau94 


11.4469 


"C(a,p)i4N 


NACRE 


2.9228 


"C(d,7)i3N 


TALYS 


18.4405 


"C(d,p)i2c 


TALYS 


16.4971 


"C(3He,7)i40 


TALYS 


17.5742 


"C(3He,p)i3N 


TALYS 


12.9471 
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"C(3He,a)i0C 


TALYS 


7.4579 


"C(t,7)i4N 


TALYS 


22.7367 


"C(t,n)i3N 


TALYS 


12.1833 


"C(t,p)i3c 


TALYS 


15.1861 


"C(t,a)iOB 


TALYS 


11.1245 


"C(a,7)^'0 


TALYS 


10.2196 


"C(t,d)i2c 


TALYS 


12.4644 


"C(t,3He)"B 


TALYS 


2.0010 


i2C(a, 7)160 


NACREII 


7.1619 


i2C(d,7)"N 


TALYS 


10.2723 


i2C(d,p)"C 


TALYS 


2.7217 


i2C(3He,7)i50 


TALYS 


12.0756 


i2C(3He,p)"N 


TALYS 


4.7788 


i2C(3He,a)"C 


TALYS 


1.8560 


i2C(n,7)i3c 


TALYS 


4.9463 


i2C(p,7)"N 


NACREII 


1.9435 


i2C(t,7)i5N 


TALYS 


14.8484 


i2C(t,n)"N 


TALYS 


4.0151 


i2C(t,p)i4c 


TALYS 


4.6409 


i2C(t,a)"B 


TALYS 


3.8570 


i3C(a, 7)170 


TALYS 


6.3587 


i3C(d,7)i5N 


TALYS 


16.1593 


i3C(d,n)i4N 


TALYS 


5.3260 


13C(d,p)14C 


TALYS 


5.9519 


"C(d,a)"B 


TALYS 


5.1679 


i3C(3He,7)i60 


TALYS 


22.7932 


i3C(3He,n)i50 


TALYS 


7.1293 


i3C(3He,p)i5N 


TALYS 


10.6658 


i3C(3He,a)i2c 


TALYS 


15.6313 


"C(n,7)i^C 


TALYS 


8.1764 


i3C(p,7)"N 


NACREII 


7.5506 


"C(t,7)i6N 


TALYS 


12.3911 


i3C(t,n)i5N 


TALYS 


9.9021 


"C(t,p)i5c 


TALYS 


0.9127 


"C(t,a)i2B 


TALYS 


2.2810 


i3C(a,n)i60 


NACREII 


2.2156 


i4C(d,n)i5N 


Kaw91 


7.9829 


"C(n,7)i5c 


Kaw91 


1.2181 


i4C(a,7)i«0 


ILCCFIO 


6.2263 


i4C(p,7)^^N 


ILCCFIO 


10.2074 


i4C(d,7)i6N 


TALYS 


10.4719 


"C(d,a)i2B 


TALYS 


0.3618 


"C(3He,7)i70 


TALYS 


18.7599 


i4C(3He,n)i60 


TALYS 


14.6168 


i4c(3He,p)i6N 


TALYS 


4.9784 


"C(3He,a)i3c 


TALYS 


12.4012 


"C(t,7)i7N 


TALYS 


10.0987 


i4C(t,n)i6N 


TALYS 


4.2147 


i5C(a, 7)1^0 


TALYS 


8.9631 


i5C(a,n)i80 


TALYS 


5.0082 


i5C(n,7)i6c 


TALYS 


4.2504 


i5C(p,7)i6N 


TALYS 


11.4784 


i5C(p,n)i5N 


TALYS 


8.9893 


i5C(p,a)i2B 


TALYS 


1.3683 


i5C(p,d)"C 


TALYS 


1.0065 


i2N(n,p)i2c 


TALYS 


18.1204 


i2N(a,p)i50 


TALYS 


9.6184 


i2N(n,7)i3N 


TALYS 


20.0639 


i2N(p,7)"0 


TALYS 


1.5151 


i2N(n,d)"C 


TALYS 


1.6234 


i3N(n,7)i'iN 


TALYS 


10.5534 


i3N(a,7)i7F 


TALYS 


5.8187 


i3N(n,p)i3c 


TALYS 


3.0028 


i3N(p,7)"0 


NACREII 


4.6271 


i3N(n,d)i2c 


TALYS 


0.2811 


"N(n,p)i4c 


CF88 


0.6259 


i%(a,7)i8F 


ILCCFIO 


4.4146 


"N(n,7PN 


TALYS 


10.8333 


"N(p,7)i50 


NACREII 


7.2968 


i5N(a,7)i9F 


ILCCFIO 


4.0137 


i5N(n,7)i6N 


TALYS 


2.4891 


i5N(p,7)160 


NACREII 


12.1274 


i5N(p,a)i2C 


NACREII 


4.9655 


i40(n,p)"N 


CF88 


5.9263 


"0(a,7)i«Nc 


Wie87 


5.1151 


"0(a,p)i7F 


Bar97C 


1.1916 


i40(n,7)i50 


TALYS 


13.2231 


i40(n,a)"C 


TALYS 


3.0035 


i40(n,3He)i2c 


TALYS 


1.1475 


i50(a,7)i9Ne 


ILCCFIO 


3.5291 


i50(n,7)i60 


TALYS 


15.6639 


i50(n,p)i5N 


TALYS 


3.5365 


i50(n,a)i2C 


TALYS 


8.5020 


i60(n,7)"0 


Iga95 


4.1431 


i60(p,a)i3N 


CF88 


-5.2184& 160(p,7)17f 


ILCCFIO 


0.6003 




i6O(a,7)20Ne 


ILCCFIO 


4.7298 


i70(n,a)i4c 


Koe91 


1.8177 



27 



Table 4 — Continued 



i^O(n,7)i80 
"0(p,a)i4N 
i7O(a,n)20Ne 
i80(p,7)19F 

i90(a,n)22Ne 

i9O(p,7)20F 

i90(p,a)i6N 

i7F(n,p)"0 

"F(a,7)2iNa 

i7F(n,7)i8F 

i8F(n,p)i80 

i8F(p,a)i50 

i8F(a,p)2iNe 

i9F(a,7)23Na 

i9F(n,7)20F 

i9F(p,a)i60 

i8Ne(n,p)i«F 

i9Ne(p,7)20Na 

20Na(n,a)i7F 



TALYS 

ILCCFIO 

NACRE 

ILCCFIO 

ILCCFIO 

TALYS 

TALYS 

TALYS 

TALYS 

TALYS 

TALYS 

TALYS 

ILCCFIO 

TALYS 

TALYS 

TALYS 

NACRE 

TALYS 

ILCCFIO 

TALYS 



8.0440 
1.1918 
0.5867 
7.9949 
3.9811 
5.7132 
10.6413 
2.5153 
3.5429 
6.5608 
9.1493 
2.4375 
2.8822 
1.7414 
10.4674 
6.6013 
8.1137 
5.2258 
2.1924 
10.5427 



"0(p,7)18F 

i70(a,7)2iNe 

i80(n,7)i90 

i80(a,7)22Ne 

i90(a,7)23Ne 

i9O(n,7)20O 

i90(p,n)i9F 

"F(n,a)"N 

i7F(p,7)i8Ne 

i7F(a,p)20Ne 

i*^F(n,a)i5N 

i8F(p,7)i9Ne 

i8F(a,7)22Na 

i8F(n,7)i9F 

i9F(a,p)22Ne 

i9F(p,7)20Ne 

i8Ne(n,a)i50 

i9Ne(n,p)i9F 

i9Ne(n,a)iS0 



ILCCFIO 

CF88 

TALYS 

ILCCFIO 
TALYS 
TALYS 
TALYS 

NACRE 

ILCCFIO 

TALYS 

CF88 

ILCCFIO 
TALYS 
TALYS 
TALYS 

NACRE 
TALYS 
TALYS 
TALYS 



5.6065 
7.3479 
3.9549 
9.6681 
10.9139 
7.6087 
4.0399 
4.7347 
3.9235 
4.1296 
6.4187 
6.4112 
8.4810 
10.4324 
1.6733 
12.8435 
8.1080 
4.0212 
12.1348 



References: NACRE jA^gulo et aLlll999D. NAC RE II (IXu et al.ll2010'.'20lllr 



DAAC y04 (iDescouvemont et al.l l2004l). I LCCFIO (llliadis et a l. 2010). CF88Tcaughla nfc Fowler Ill988l). 
MF 89 (iMalanev fc Fowler Ill989l). Bov93 (iBovd et al.lll993l). Bal95 (iBalbes et al.lll995l). Hei98 (iHeil et aL 



And06 (lAndo et al.ll2006h. Ser04 feerpico et al.l'2004V Wag69_(|W 



1998 1. Rau94 (iRauscher et aLlll994l). Des99 (IDes couvemont 'I l999l). BeaOl (|Bea umel et al."200l'), 
Tan03 jTang et al.ll2003l), Wan9llwang et al.l [l 99i), Efr96 (Efros et a.l.| [T996h. Wic87 (Wicschcr ctal] 



19871) . Bar97 (iBardavan fc Smith Ill997l). Koe91 jKoehler fc Grafjll99ll). Cani 08 JCamargo et al.l[200 



agoner 



Bec92 (JBecchetti et al.|[l992l ). Iga95 (llgashira et aLlll995l) Cyb08 (jCvburt fc Davids I l2008l ). 



oj 



1969t ). Has09 ("Hashimoto et aL 
2OO90 . Wi e89 (IWiescher et aL 1 989;). F K90 (.Fukugita fc Kaiino II1990I). Bru91 (;Brunc ct al. 1991,) 



MizOO (iMizoi et aLll2000l ) 



Reaction and references shown in bold face : re-evaluated rate for the improved network, see text. 
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